Modern regulations concerning railway bridges are based on the approach of structural dynamics, which is described in PN-EN standards. This paper presents the results of theoretical dynamic analysis of the HSLM-A train set loading on the structure of a pre-stressed concrete arch bridge -the first railway bridge of its type which was built in Poland (completed in 1959). The recommendations of PN-EN have been followed and modal analysis was carried out to define the sensitivity of the structure to chosen eigenforms. Additionally the paper presents a course of calculations and the conclusions obtained from the analysis of displacements, accelerations, and bending moments induced in the structure through a simulated passage of a high-speed train in the context of the requirements of PN-EN Standards. The conclusions from the current calculations can be used for dynamic analysis of bridges of similar structural solutions.
INTRODUCTION
Contemporary railway engineering regulations [1÷3, 8] are based on PN-EN [6, 7] in which the dynamic nature of loading is taken into consideration on the basis of the dynamic analysis of the structure's response to a simulated moving load. This analysis consists of determining the direct processes of deformation and distributions of internal forces under loading caused by high-speed trains simulated by High Speed Load Models (HSLM). 1 MSc., Eng., Warsaw University of Technology, Faculty of Civil Engineering, Al. Armii Ludowej 16,  This paper presents the results of theoretical dynamic analysis of HSLM-A loading on the structure of a pre-stressed concrete arch bridge, the first railway bridge of its type built in Poland (completed in 1959), in accordance with the requirements of PN-EN standards. This computational approach is similar to the approaches used by other researchers [10, 12, 17-20, 22, 23] . Due to its exploratory nature, the results of this analysis can be used in the design of the contemporary arch bridges, or in evaluating existing bridges of this type in terms of their suitability for new operating conditions. In other words, this paper allows us to answer the question of how the existing bridge, at nearly 60 years old, can be adapted to contemporary operating conditions, especially to the presence of high speed trains. The individual analysis presented herein can also be of more general meaning in practice.
BRIDGE DESIGN DESCRIPTION
The bridge over the river Orz in Gucin ( tendons. The structure is designed for the NC load class (standard heavy train) according to [4, 5] .
The dynamic character of the standard load NC [4] was expressed in the design calculations by the standard dynamic coefficient ĳ proj = 1,212. • modal analysis, which allows us to estimate the sensitivity of the structure to select forms of vibration as well its damping characteristics, and which can be applied for train velocity v < 200 km/h,
PRINCIPLES OF DYNAMIC ANALYSIS ACCORDING TO PN-EN
• time-history response analysis, which allows us to use an integration of motion equations to determine the response of the structure to the stress of high velocity trains of the standard HSLM type.
In Eurocodes [6, 7] , the dynamic nature of the live load can be analysed via the use of two different methods. The first is the quasi-static method, concerning loading caused by the standard LM-71 train type multiplied by the dynamic coefficient ĭ, with the values depending on the quality of maintenance of the railway track. The second can be achieved using the above-mentioned time analysis. Dynamic analysis of some relatively simple structures can be limited to the modal analysis only when train velocity v < 200 km/h. The PN-EN [7] standard includes detailed conditions concerning situations when time analysis is required. When train speed v > 200 km/h, time analysis is obligatory.
According to PN-EN [6, 7] , dynamic analysis of bridge structures should be performed for determining the following factors:
• sensitivity of the structure to transversal vibration, when the condition f hmin > f h0 = 1,20 Hz is met (f hmin is the first frequency of the transversal vibration of the bridge superstructure),
• sensitivity of the structure to torsional vibration using condition n T > 1,2·n 0 (non-sensitive structure), where n T is the first frequency of the torsional vibration of the structure subjected to dead loads only, n 0 is the first frequency of its bending vibration under dead loads only, • comparison of the dynamic analyses performed using the above-mentioned methods (i.e., modal and time-history analyses) to determine the dynamic effects expressed by ĳ 'dyn and the real value of the dynamic coefficient ĭ = 1 + ĳ 'dyn,
• to check whether the real train or the standard train model HSLM produce values of internal forces in the structure not bigger than those produced by the static load of the standard LM-71 train type multiplied by the dynamic coefficient ĭ,
• to determine the maximum values of acceleration of the arbitrary chosen point of the structure which should be less than a zdop = 3,5 m/s 2 due to the stability of the ballast of the tracks.
STRUCTURAL DYNAMIC CALCULATIONS

COMPUTATIONAL MODELS USED IN THE ANALYSIS
Computational models of the structure, differing in methods of discretization (Fig. 2) , designed with SOFiSTiK FEM software, are as follows [15, 16, 19, 22] 
DYNAMIC ANALYSIS
The modal analysis (solving of the eigenvalue problem) was carried out in the ASE module of the SOFiSTiK software. Computations of natural vibration also take into account the weight of the nonstructural components (ballast, sleepers, rails) which are converted to equivalent node weight.
Because of the greater number of the degrees of freedom, the numerical analysis of the structural models was based on the modified form of the equation of motion, as follows:
where: M -mass matrix, K -stiffness matrix, Ȧ -frequency, Ɏ u -vector of free vibration mode, L -upper triangular matrix.
The calculations of the global dynamic response (ignoring the vibration of hangers) of the structure (time-history analysis) were performed in the DYNA module of SOFiSTiK. The implicit time integration method, based on the Newmark algorithm, was used for the equations of motion integration [11-13, 14, 16, 24] . In these methods, the equilibrium equation refers to the analyzed point in time t + kÂǻt (k = 1, 2, 3...) and thus it takes the form (4.4). This equation is coupled with the velocity (4.5) and displacement (4.6) relationships to give the following combination of equations per the Newmark method:
where: M -mass matrix, K -stiffness matrix, P(t+ǻt) -load vector , ǻt -integration time step, t + kǻt -analyzed time points corresponding to the equilibrium of the system, Į, į -parameters corresponding to the change of acceleration in the given time step and corresponding to stability and accuracy of the method of analysis; u(t + kǻt), ù(t + kǻt), ü(t + kǻt) -displacement vector, velocity vector, acceleration vector, respectively, in the analyzed time points.
The integration time step of ǻt = 0.005 sec. was determined per the requirement of ǻt 0.1/f max [9, 12, 13, 16] . The mass-and stiffness-proportional (Rayleigh) damping model was applied. Damping matrix C is made by combining mass matrix M and stiffness matrix K according to the following formula: C = ĮM + ȕK. The coefficients of proportionality of internal and external damping (Į and ȕ) were calculated according to the percentages of the respective eigenforms and eigenfrequencies, and the value of the damping ratio ȗ = 1.0 % was calculated according to PN-EN [7] . With span length of 44.22 m (more than the limit of 30.0 m), the additional damping resulting from the trainbridge interaction is ǻȗ = 0 %.Loading was modeled through sets of concentrated loads simulating the action of HSLM A1÷A10 train models [7] (Fig. 3) . In this method, the load, which is constant in time, is converted to an equivalent set of nodal forces with a defined phase shift corresponding to the analyzed vehicle speed. The analysis was carried out a speed range of 160÷360 km/h at 10 km/h intervals. Static configurations ("passage") of trains were also considered. This enabled the comparison of the response to static and dynamic loading and the determination of the dynamic amplification factor as a function of deflections and running speed of HSLM train sets ĳ = ĳ(v,u z ). Table 1 shows a graph presentation of the selected bending eigenform frequencies. The first two torsional eigenforms of the bridge deck vibration are presented in Table 2 .
RESULTS OF CALCULATIONS
MODAL ANALYSIS
The first eigenfrequency of f 1 =1.56 Hz concerns the vibration of arches in the horizontal plane. The first (and the second of all) eigenfrequency for the bending vibration of the bridge deck in a vertical plane, identified in the simplest model (R3D-1), is f 2 =3.74 Hz. It is an anti-symmetric mode shape (two half-sine wave). The value of 3.74 Hz slightly exceeds the lower frequency limit according to the graph in PN-EN [7] . The remaining frequencies are within the upper and lower envelopes of 9.35 Hz and 3.77 Hz, respectively, thus not requiring time-history analysis for running speeds below 200 km/h [7] .
The R3D-1 model (a fully detailed spatial frame) yielded the following torsional vibration frequencies given in increasing order: 5 The R3D-2 model (with hangers modelled by beam elements) was used to determine the eigenfrequencies of the structure and of the suspension bars. A total of 100 modes was acquired.
The last significant bending mode shape of free vibration of the whole structure was noted at a frequency of f 12 =12.30 Hz.
The subsequent composite mode shapes (vibration of hangers, arches, crown tie plate), including the main girders' bending mode shape, occur at frequencies higher than f 50 = 23.64 Hz (the fiftieth mode shape). However, such high vibration mode shapes are physically improbable, as they hardly occur in field. Moreover, they exceed the limits set forth in the regulations: f max = 20 Hz according to [2] and f max = 30 Hz according to [6, 7, 12] ). Generally it is possible to identify only the first mode shapes of the main superstructure components. An investigation of the torsional and bending vibrations is required by PN-EN [7] . [7] , the analyzed bridge is not sensitive to torsional vibration, and for the purpose of time-history analysis these mode shapes are of minor importance.
The minimum frequency of the lateral (horizontal bending) vibration obtained with R3D-3 model is f hmin = 7.41 Hz, which is more than the value of f h0 = 1.2 Hz. Thus, according to PN-EN [7] , the structure is also not sensitive to lateral vibration, which may be caused by sidesway, for example.
DYNAMIC SYSTEM RESPONSE
The time-history analysis takes into consideration bending moments M y , vertical displacements u z, due to risk of ballast instability (Fig. 6) . The greatest dynamic effects of high-speed trains were noted at speeds higher than 320 km/h. As seen in the graph in Fig. 6 , the value of acceleration a z at the midspan is below a zdop = 3.5 m/s 2 for all considered train speeds (they do not exceed 3.0 m/s 2 ).
The dynamic effects are the greatest when the train enters onto or leaves the bridge, as represented by the peaks of u z amplitudes (Fig. 4 and Fig. 5 ). Between these points of time, the vibrations at the section located at 0.22ÂL, oscillate about the point of equilibrium. As soon as the load leaves the bridge, the vibrations fade out. according to [4, 5] . The maximum dynamic moments from HSLM-A do not exceed the design moments from NC class trains at running speeds of about 230÷280 km/h and v > 320 km/h (Fig. 8) . The relation between u max in the middle of the bridge's span under static load from LM-71 (Į k = 1.0, ĭ = ĭ 3 = 1.210) and the allowable deflection į=į(v) according to [6] , is shown in fig. 10 . 
CONCLUSIONS
The results of the current dynamic analysis of the Gucin arch bridge allow us to conclude the following:
• in accordance with PN-EN recommendations, the structure is relatively insensitive to torsional mode shapes (n T /n 0 = 1.47 > 1.2) and horizontal deck vibration (f h = 7.41 Hz > 1.2 Hz) and these mode shapes are not relevant to the dynamic response analysis (the HSLM load model consists of vertical forces without any load eccentricity),
• the HSLM-A load models generated unacceptable increases in accelerations a z , displacements u z, and bending moments M y at a speed range of about 230 ÷ 280 km/h and over 320 km/h, [9, 11, 12, 14, 19, 24, 25] . The procedure presented herein can be applied for estimating the behavior of old bridge structures subjected to high-speed passage of the trains. The analysis presented above is of a numerical nature. The dynamic characteristics of the structure determined according to the Eurocodes are a good illustration of a philosophy of overestimating (conservative) design standards. The most accurate way to calibrate the standard requirements is through testing existing bridge structures which are subjected to real train loading.
In the analyzed case, the acceptable train velocity could very well exceed 230 km/h. However, taking into account all the contemporary requirements, such high train velocities, these are rather not of practical importance. Table 1 . Graph presentation of selected bending eigenforms and eigenfrequencies of the analysed bridge Tabela 1. Wizualizacja wybranych czĊstotliwoĞci i form giĊtnych drgaĔ własnych mostu Table 2 . Graphical presentation of selected torsional eigenforms and eigenfrequencies of the analysed bridge innymi, w pracach [9, 11, 12, 14, 19, 24, 25] .
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